1. Introduction {#sec1-jcm-08-02096}
===============

An equinus gait is the most common abnormality seen in patients with cerebral palsy (CP). Although conservative treatments are typically used first, most patients with an equinus deformity eventually require surgical correction, in which the calf muscles are lengthened based on the assumption that the ankle plantarflexors are abnormally shortened. The triceps surae muscles are a structurally complex unit, consisting of the soleus (a one-joint muscle crossing the ankle joint) and the medial and lateral gastrocnemius muscles (two-joint muscles crossing both the knee and ankle joints).

The Silfverskiöld test ([Figure S1](#app1-jcm-08-02096){ref-type="app"}) is commonly used as an important clinical tool for determining the affected muscles of the triceps in patients with equinus deformity \[[@B1-jcm-08-02096],[@B2-jcm-08-02096]\]. When ankle dorsiflexion is facilitated by the bending of the knee joint (Silfverskiöld test-positive), surgery aiming to only lengthen the gastrocnemius muscle is required; otherwise (Silfverskiöld test-negative), surgeons typically lengthen the Achilles tendon with the assumption that both the gastrocnemius and soleus have been shortened. However, the Silfverskiöld test may not reflect the altered interactions between the muscles of the triceps which are affected by spasticity. For example, a Silfverskiöld test-positive patient may demonstrate simultaneous activation of both the soleus and gastrocnemii, as observed in an electromyographic study \[[@B3-jcm-08-02096]\]. In addition, CP patients with an equinus gait may have longer-than-normal Achilles tendons and shorter-than-normal muscle bellies \[[@B4-jcm-08-02096],[@B5-jcm-08-02096]\]. As such, lengthening of the tendo-achilles based on the suggestions by Silfverskiöld would change the ratio of muscle and tendon length and affect the competency of the plantar flexion--knee extension couple. Furthermore, variable knee flexion angles may influence the excursion of the soleus through the action of the aponeurosis of gastrocnemius \[[@B6-jcm-08-02096],[@B7-jcm-08-02096]\], resulting in difficulties in interpreting the findings of the test.

Lengthening of the triceps surae muscles to correct equinus deformity is the most commonly performed operative procedure in CP. However, the literature remains confusing regarding even the definition of isolated gastrocnemius or combined gastrocnemius soleus tightness, with the maximal degrees of ankle dorsiflexion used as a measure of plantar flexion deformity ranging from 0° to 25° \[[@B8-jcm-08-02096]\]. Furthermore, to date, there is no universal standard or consensus as to the appropriate degrees of knee flexion needed during the test and the minimal degrees of ankle dorsiflexion detected at each corresponding angle of knee flexion to determine the affected muscles responsible for the equinus; we believe this lack of standardized information since the introduction of the Silfverskiöld test is due to the possibility of contribution of both the gastrocnemius and soleus to differing degrees. Practically, it may be difficult to conceptualize a simple clinical situation in which the gastrocnemius is tight but the soleus is lax and vice versa, especially in patients with CP. Contrary to an ankle contracture caused by non-neurologic conditions, adequate treatment for the correction of an equinus gait in CP may require a more comprehensive understanding of the spasticity-induced structural-functional alterations of the triceps \[[@B9-jcm-08-02096],[@B10-jcm-08-02096]\].

The architectures of the skeletal muscles have been studied in vivo using ultrasonography \[[@B11-jcm-08-02096],[@B12-jcm-08-02096],[@B13-jcm-08-02096],[@B14-jcm-08-02096],[@B15-jcm-08-02096],[@B16-jcm-08-02096]\], and recent studies suggested that the treatment protocol for the muscle deformity in CP should be individualized with the considerations of alterations in the muscle architecture \[[@B10-jcm-08-02096],[@B17-jcm-08-02096],[@B18-jcm-08-02096],[@B19-jcm-08-02096],[@B20-jcm-08-02096],[@B21-jcm-08-02096],[@B22-jcm-08-02096]\]. Previous studies have investigated the differences in muscle architectures between typically-developing children and children with CP. However, they studied the architectural properties of the triceps surae with the knee and ankle at the resting position \[[@B19-jcm-08-02096],[@B22-jcm-08-02096],[@B23-jcm-08-02096],[@B24-jcm-08-02096],[@B25-jcm-08-02096],[@B26-jcm-08-02096],[@B27-jcm-08-02096],[@B28-jcm-08-02096]\]. Furthermore, their findings are not comparable due to disparities among the studies, in terms of the presence of an accompanying skeletal deformity, inclusion of the patients with a wide spectrum of neurologic involvement and varying ambulatory statuses.

The purpose of our study was to compare the architectural properties of the triceps surae muscles complex using ultrasonography, between the patients with spastic hemiplegic cerebral palsy (SHCP) and age-matched typically-developing children. Specifically, we wished to examine any differences in the architecture of the three muscles with various angle configurations of the knee and ankle joints. Through this approach we reappraised the Silfverskiöld test in patients with equinus deformity.

2. Experimental Section {#sec2-jcm-08-02096}
=======================

2.1. Subjects {#sec2dot1-jcm-08-02096}
-------------

This study was approved by the institutional review board of the Severance Hospital (Seoul, Korea). The pediatric patients with equinus gait and SHCP and the age-matched normal children with typical development were recruited through the outpatient clinic. For SHCP patients, the inclusion criteria were patients with an ability to walk defined by the Gross Motor Function Classification System (GMFCS) level I \[[@B29-jcm-08-02096]\]; type II hemiplegia by the classification system of Winters et al., characterized by a persistent ankle plantarflexion during the stance and swing phases \[[@B30-jcm-08-02096]\]; and no history of previous treatment for ankle equinus (e.g., selective posterior rhizotomy, orthopaedic surgery, or botulinum toxin injection). The exclusion criteria included patients with static or dynamic hamstrings tightness, and a fixed ankle plantarflexion contracture. Additionally, as the functional competence of the ankle plantarflexors may be affected by the associated lever-arm diseases which may develop in the coronal and transverse planes as well, we excluded the patients with a concomitant skeletal abnormality of the lower extremity such as equinovarus or planovalgus foot deformity, and rotational malalignment as determined by the trochanteric prominence angle test for femoral anteversion and the thigh-foot angle for tibial torsion.

Ten children with SHCP (6 boys and 4 girls; average age, 7 years 1 month; age range, 5--10 years 1 month) and another 10 age-matched children with typical development (6 boys and 4 girls; average age, 6 years 7 months; age range, 5 years 2 months--8 years) were enrolled in the study. In total, the study sample consisted of 10 paretic legs (group I), 10 non-paretic contralateral legs (group II), and 20 normal legs of typically-developing children (group III).

2.2. Procedure {#sec2dot2-jcm-08-02096}
--------------

During the ultrasonographic evaluation, the subjects lay prone on the examination table and were instructed to refrain from moving the ankle and knee joints. For the simulation of the Silfverskiöld test, we used a total of 12 joint configurations, consisting of a combination of three knee joint angles (0°, 45°, and 90° of flexion) and four ankle joint angles (10° of dorsiflexion; 0°, 15°, and 30° of plantarflexion). Each joint configuration was created using an electric goniometer (Biometrics Ltd, Cwmfelinfach, Gwent, UK) and fixed with an adjustable half-cast supporting device surrounding the anterior aspect of the leg.

Conventional ultrasound examinations were performed using a linear phased array transducer with a frequency of 5--13 MHz (HI VISION Avius; Hitachi Medical, Chiba, Japan), and longitudinal ultrasound images of the medial gastrocnemius (MG), lateral gastrocnemius (LG), and soleus (SOL) were acquired from the muscle midbelly. The methods of probe positioning and the measurement of muscle architectures were standardized as described by others \[[@B11-jcm-08-02096],[@B14-jcm-08-02096],[@B21-jcm-08-02096],[@B24-jcm-08-02096],[@B31-jcm-08-02096],[@B32-jcm-08-02096]\]. Briefly, a transducer was first placed at around one thirds (for MG and LG) or half (for SOL) of the distance between the popliteal crease and the center of the lateral malleolus, and then its placement was adjusted so as to detect the maximum anatomic cross-sectional area of each muscle. The ultrasound probe was then rotated and/or tilted, and in order to minimize probe orientation-related errors we aligned the probe perpendicular to the deep aponeurosis within the muscle belly and used that alignment for subsequent longitudinal imaging of the path of muscle fascicles. After the examination of the gastrocnemius, we examined the position of the greatest thickness around the lateral half of the posterior soleus \[[@B11-jcm-08-02096]\]; this was the proximal lateral fibers according to the description by Martin et al. \[[@B11-jcm-08-02096],[@B31-jcm-08-02096]\]. To ensure adequate evaluation of muscle fascicle, the plane of the ultrasonogram was chosen parallel to the fascicles, which was verified by visualizing the fascicles along their lengths from the superficial to deep aponeurosis of the gastrocnemius and from the posterior aponeurosis to anterior aponeurosis of the soleus.

In group I, ultrasound images were not acquired at 10° of dorsiflexion due to the spasticity of the ankle plantarflexors. In total, 27 ultrasonographic images from the paretic legs and 36 images from the non-paretic contralateral legs and normal legs of the control group were captured and used for analysis ([Figure 1](#jcm-08-02096-f001){ref-type="fig"}).

2.3. Variables Describing Muscle Architecture {#sec2dot3-jcm-08-02096}
---------------------------------------------

With use of the acquired ultrasound images, fascicle length (Lf), pennation angle (Pa), and muscle thickness (T) of the MG, LG, and SOL were measured by image-processing software (Image J, version 1.37; National Institutes of Health, Bethesda, MD, USA). Lf was defined as the distance between the muscle origin (where the fascicle and superficial aponeurosis of the gastrocnemius or posterior aponeurosis of the soleus meet) and insertion (where the fascicle and deep aponeurosis of the gastrocnemius or anterior aponeurosis of the soleus meet). Pa represented the angle formed between the fascicular path and the aponeuroses of the muscles; T, the shortest distance between the aponeuroses ([Figure 2](#jcm-08-02096-f002){ref-type="fig"}).

2.4. Statistical Analysis {#sec2dot4-jcm-08-02096}
-------------------------

All images were analyzed two times, and each variable describing the muscle architecture was measured by one of us who were blinded to the joint configurations. Statistical analyses were performed using SAS version 9.1 (SAS Institute, Cary, NC, USA). Mann--Whitney *U*-test and Fisher's exact test was used to compare demographic data between the groups. A mixed model was used to allow repeated measurements in the individuals, and to evaluate the differences in the measurements of muscle architecture among the groups and the effects of various joint configurations on the measurements within the muscles, respectively. In addition, to adjust for the effects of age, sex, and height, we performed multivariate analysis. The level of significance was set at *p* \< 0.05.

3. Results {#sec3-jcm-08-02096}
==========

3.1. Study Sample {#sec3dot1-jcm-08-02096}
-----------------

There were no statistical differences in sex (*p* = 0.648), age (*p* = 0.143), height (*p* = 0.247), weight (*p* = 0.280), femoral anteversion (*p* = 0.841), or tibial torsion (*p* = 0.183) ([Table 1](#jcm-08-02096-t001){ref-type="table"}). Details of Lf (mm), Pa (degree) and T (mm) measured at each joint angle configuration are presented in [Table S1](#app1-jcm-08-02096){ref-type="app"}. Lf, Pa and T of individual cases are presented in [Figures S2--S4](#app1-jcm-08-02096){ref-type="app"}.

3.2. Comparison of Fascicle Length (Lf) {#sec3dot2-jcm-08-02096}
---------------------------------------

Fascicle length (Lf) of LG in group I (*p* \< 0.001) and that of SOL in group III (*p* \< 0.001) were longer than their respective values of the other groups. No significant difference in Lf of MG was noted among the groups (*p* = 0.564). In MG and LG, Lf was found to be increased with the increase of knee extension in all groups (group II, *p* = 0.002 in MG; others, *p* \< 0.001). However, in SOL, the effect of knee position was observed to be significant in group III (*p* = 0.004) only, showing an increase of fascicle length with knee flexion. Lf was observed to be increased with the increase of ankle dorsiflexion in the three muscles of the triceps surae (group I, *p* = 0.001 in SOL; others, *p* \< 0.001), except in MG (*p* = 0.799) and LG (*p* = 0.432) in group I ([Figure 3](#jcm-08-02096-f003){ref-type="fig"}).

3.3. Comparison of Pennation Angle (Pa) {#sec3dot3-jcm-08-02096}
---------------------------------------

Pennation angle (Pa) of MG (*p* \< 0.001) and LG (*p* \< 0.001) in group III were the greatest. In SOL, no significant differences were noted among the groups (*p* = 0.396). In MG, Pa was observed to be decreased with the increase of knee extension in all groups (group I, *p* = 0.003; groups II and III, *p* \< 0.001). In LG, Pa decreased with the increase of knee extension in group III only (*p* \< 0.001). However, Pa of SOL increased with knee extension in groups I (*p* = 0.024) and II (*p* = 0.035). Pa decreased with the increase of ankle dorsiflexion in MG (groups I, II, and III, *p* = 0.038, \< 0.001, and \< 0.001, respectively), LG (groups I, II, and III, *p* = 0.002, \< 0.001, and \< 0.001, respectively), and SOL (groups I and III, *p* \< 0.001 and \< 0.001, respectively; group II, *p* = 0.071) ([Figure 4](#jcm-08-02096-f004){ref-type="fig"}).

3.4. Comparison of Muscle Thickness (T) {#sec3dot4-jcm-08-02096}
---------------------------------------

Muscle thickness (T) of MG (*p* \< 0.001), LG (*p* \< 0.001), and SOL (*p* \< 0.001) was the smallest in group I. T of MG was observed to be increased with the increase of knee flexion in group II (*p* = 0.001). T of LG increased with the increase of knee extension in groups I (*p* = 0.008) and II (*p* = 0.001), respectively. In SOL, the effect of knee position was not significant in all groups. The effect of ankle position was observed to be significant in MG of group III (*p* = 0.002) only, showing an increase of muscle thickness with the increase of ankle plantarflexion ([Figure 5](#jcm-08-02096-f005){ref-type="fig"}).

4. Discussion {#sec4-jcm-08-02096}
=============

For a better understanding of the potentially altered architecture of the triceps surae muscle complex, thorough evaluation using subjects with a homogenous disease entity and no confounding factors in a study are the first requirement. Furthermore, in vivo observations of the muscle behavior should be performed under the control of the joint positions at the knee and ankle, as the triceps muscles are composed of one mono-articular and two bi-articular muscles. On the basis of the findings obtained in the present study, we confirmed that the changes detected in the architectural properties of the three muscles of the triceps surae induced by systematic variations of the position at the ankle and the knee joints were variable to different degrees. Since the structural changes can be encountered in the gastrocnemius as well as in both the gastrocnemius and the soleus, it may be necessary to consider the interactions between the muscles when considering the operative procedure to correct the equinus deformity. All the above-mentioned factors indicate that the original Silfverskiöld test should be reappraised in terms of potential interactions between the muscles of the triceps surae during varying degrees of flexion/extension at the ankle and the knee joints.

Firth et al. subdivided the triceps complex into three zones and found that for each, different types of surgery varied in terms of selectivity, stability, and range of correction \[[@B33-jcm-08-02096]\]. In addition, procedures for the correction of equinus were noted to have different anatomical and biomechanical characteristics. For example, in the zone extending from the femoral origins of the gastrocnemius muscle to the distal extent of the gastrocnemius muscle belly or the most distal extent of the plane of separation, intramuscular lengthening of the gastrocnemius and soleus performed in the interval between the gastrocnemius and soleus fascia may lengthen the gastrocnemius selectively. They also concluded that differential lengthening of the gastrocnemius and soleus may be performed by varying the number of cuts in the fascia overlying the two muscles. We agree with the original concept of the Silfverskiöld test, in that it is helpful to differentiate isolated gastrocnemius equinus from dual gastrocnemius and soleus tightness \[[@B1-jcm-08-02096],[@B2-jcm-08-02096],[@B8-jcm-08-02096]\]. However, we think that the choice of an appropriate surgical procedure for rectifying the equinus deformity may not be determined solely based on the original suggestions by Silfverskiöld.

In the current study, we used the Silfverskiöld test and performed ultrasonographic evaluation of the triceps muscles in normal children and hemiplegic patients. The advantage of using ultrasonography is that the changes in behavior of the fascicles in each muscle can be detected *in vivo*. Previous studies reported inconsistent findings regarding the muscle architecture in children with CP and equinus deformity \[[@B23-jcm-08-02096],[@B24-jcm-08-02096],[@B25-jcm-08-02096],[@B26-jcm-08-02096],[@B27-jcm-08-02096],[@B34-jcm-08-02096]\]. For the gastrocnemii, Shortland et al. \[[@B26-jcm-08-02096]\] reported that children with diplegia have a fascicle length which is similar to that of typically-developing children. However, others found a shorter fascicle length in patients with diplegia \[[@B22-jcm-08-02096],[@B25-jcm-08-02096]\]. We think that this discrepancy came from the fact that past studies did not control for confounding factors such as skeletal deformities (planovalgus, tibial/femoral torsional deformity, and knee flexion deformity) which are commonly seen in the diplegics. In this study, we included only type II hemiplegic patients without skeletal abnormalities in order to exclude any conditions leading to distortion in muscle integrity.

Mohagheghi et al. \[[@B24-jcm-08-02096]\] and Chen et al. \[[@B19-jcm-08-02096]\] suggested that the reduced fascicle length and muscle thickness in the gastrocnemius are possible causes of equinus deformity in hemiplegics. However, they measured the fascicle length in the resting position only. In the resting position, fascicle length in children with equinus deformity would be decreased due to increased ankle plantarflexion. We compared fascicle lengths between the groups under the same joint angle, and we noted diverse changes in the fascicle length of paretic side in children with hemiplegia; fascicle lengths were similar in MG, higher in LG, and lower in SOL. In individuals without neuro-musculo-skeletal disorders, the fascicle length of the lateral gastrocnemius is the longest of the triceps surae \[[@B11-jcm-08-02096]\]. MG muscle belly is longer than that of the LG, and the differences in force-producing capabilities of the triceps surae is related to the different changes of pennation angle and fascicle length in each muscle during the contraction \[[@B35-jcm-08-02096]\]. Our results suggest that MG, LG, and SOL are affected by spasticity to differing extents.

Malaiya et al. \[[@B23-jcm-08-02096]\] suggested that equinus in children with hemiplegia may not be due to a decrease in fascicle length of the gastrocnemii. Barber et al. \[[@B28-jcm-08-02096]\] demonstrated that the equinus is rather related to a lack of cross-sectional growth and decreased muscle volume of the medial gastrocnemius. Although muscle thickness measured in our study was only an estimation of muscle volume, differences between the groups indicated the presence of substantial muscle atrophy in paretic legs, consistent with previous reports \[[@B9-jcm-08-02096],[@B24-jcm-08-02096],[@B34-jcm-08-02096]\]. In addition, pennation angles of both the medial and lateral gastrocnemii were significantly smaller in paretic legs, which is in line with the previous findings of a larger pennation angle in hypertrophied muscles and increase after gastrocnemius lengthening or botulinum toxin injection \[[@B15-jcm-08-02096],[@B27-jcm-08-02096],[@B36-jcm-08-02096]\]. Recent studies on the muscle architecture described cerebral palsy as a short/small muscle disease, and overstretched sarcomeres have been suggested as one of the reasons for muscle weakness in children with CP \[[@B10-jcm-08-02096],[@B20-jcm-08-02096],[@B21-jcm-08-02096],[@B37-jcm-08-02096],[@B38-jcm-08-02096]\]. Our results indicate that gastrocnemius in hemiplegics has a longer or similar fascicle length, a smaller pennation angle, and a reduced muscle thickness compared to the muscles in normal children ([Figure 6](#jcm-08-02096-f006){ref-type="fig"}).

In isometric contraction of the triceps in healthy individuals, soleus's fascicle behavior was suggested to depend on the ankle joint angle tested but not on the knee joint angle \[[@B11-jcm-08-02096],[@B16-jcm-08-02096],[@B34-jcm-08-02096]\]; these observations may provide evidence that architectural properties of the soleus is not influenced by the knee joint angle. On the contrary, there were observations of differential displacement of the soleus and medial gastrocnemius aponeuroses during isometric contractions \[[@B7-jcm-08-02096]\] and difference of fascicle's behavior between the medial gastrocnemius and soleus during walking \[[@B6-jcm-08-02096]\]. In the current study, fascicle length of the soleus in a normal leg increased with the increase of knee flexion and fascicle length of the gastrocnemii increased with the increase of knee extension; and pennation angle of the soleus in hemiplegics increased with the increase of knee extension and pennation angle of the medial gastrocnemius increased with the increase of knee flexion. The Silfverskiöld test is not a voluntary test but an examination being performed passively by the examiner; thus, the assumption that only the gastrocnemius is influenced by passive knee flexion during the Silfverskiöld test needs to be reconsidered.

This study has several limitations that have to be considered when interpreting the results. The data presented in the current study could be misleading due to the small number of the subjects enrolled, and generalization of our data would have been more accurate with larger cohorts. We excluded individuals older than 10 years of age, considering their rapid growth rate. In addition, those children with CP have tendencies of having more deformities developed in the coronal, sagittal, and/or transverse planes. The individuals younger than 5 years of age were also excluded because many had had botulinum toxin injection before the study and their leg muscles are too small to examine. In the present study, we enrolled children aged 5--10 years old. Growth gradually slows until reaching a steady velocity at the age of 4 to 5 and this slow and constant rate continues until puberty \[[@B39-jcm-08-02096]\], and the fascicle angle was found to be unchanged in this age group \[[@B40-jcm-08-02096]\]. In addition, children with equinus deformity only are more prevalent in this age group in CP. In order to examine the nature of the Silfverskiöld test, we believed that the inclusion of patients with only a sagittal plane deformity at the ankle was a priority because even subtle spasticity of the hamstrings may affect the excursion of gastrocnemius muscle. In order to exclude any confounding factors of the analysis of the integrity of the triceps surae muscles complex, we included patients with a homogenous condition of spastic hemiplegia in terms of the degrees of neurologic involvement and ambulatory status. Our findings may not be reproducible in complicated patients with skeletal deformities as seen in many of the diplegic patients. Secondly, we did not appreciate the effects of increased echo intensity which may be seen in patients with CP. Increased echo intensity may act as a bias during measurement, however, this increase of echo intensity was found to be less in patients with the mobility of GMFCS level I as in our series \[[@B41-jcm-08-02096]\]. In addition, although we followed the standard protocol of probe positioning to decrease the measurement error \[[@B32-jcm-08-02096]\], it should be noted that measured fascicle length and pennation angle may still be underestimated or overestimated, as observed in a study using simulated ultrasound images based on three-dimensional (3D) models of the medial gastrocnemius, derived from magnetic resonance and diffusion tensor images \[[@B42-jcm-08-02096]\].

Further studies will be needed to assess potential tissue stiffness encountered in cerebral palsy and its influence on the alterations of the muscle architectures to examine any correlation between the findings obtained in the static examination and the dynamic changes in real walking. Also, as the conventional ultrasound images of muscle fascicles account for two-dimensional (2D) analysis of the aponeurosis displacement during tensile loading, studies on any unaccounted deformation occurring in the additional plane may need to be followed; for example, the architecture and morphology of the muscles can be visible within the 3D images that are generated by a technique using 2D B-mode ultrasound and a motion tracking system, and such method may be more feasible in extracting muscle and tendon lengths to analyze the nature of the Silfverskiöld test \[[@B43-jcm-08-02096]\].

5. Conclusions {#sec5-jcm-08-02096}
==============

In the present study, we found the altered architecture of triceps surae muscles in patients with spastic hemiplegia and equinus deformity. Compared to the results of measurements in the contralateral non-paretic or normal leg, the fascicle length was not different in the medial gastrocnemius of a paretic leg, but it was longer in the lateral gastrocnemius and shorter in the soleus; the pennation angle was smaller in both medial and lateral gastrocnemii, and was not different in the soleus; and muscle thickness was found to be reduced in the three muscles of the paretic leg. Contrary to the observations in both the medial and lateral gastrocnemii, the fascicle length was increased and the pennation angle was decreased in the soleus with an increase of knee flexion. We believe that the limited utility of the Silfverskiöld test should be considered in patients with altered architecture of the triceps muscles in conditions such as cerebral palsy, as the differing muscle architectures of the triceps surae muscles complex may affect the behavior of the muscles during the Silfverskiöld test. The choice of an appropriate surgical procedure for rectifying the equinus deformity may not be determined solely based on the original suggestions by Silfverskiöld.

###### 

Click here for additional data file.

The followings are available online at <https://www.mdpi.com/2077-0383/8/12/2096/s1>. Figure S1: to prevent the influence of midfoot motion on the measurement of ankle dorsiflexion, the Silfverskiöld test is performed with the forefoot supinated. Figure S2: fascicle length of the medial gastrocnemius (MG), lateral gastrocnemius (LG), and soleus (SOL) muscles in each cases. A-10, A00, A15, and A30 represent 10° ankle dorsiflexion, ankle neutral, 15° plantarflexion, and 30° plantarflexion, respectively; while K00, K45, and K90 represent full knee extension, 45° knee flexion, and 90° knee flexion, respectively. Figure S3: pennation angle of the medial gastrocnemius (MG), lateral gastrocnemius (LG), and soleus (SOL) muscles in each cases. A-10, A00, A15, and A30 represent 10° ankle dorsiflexion, ankle neutral, 15° plantarflexion, and 30° plantarflexion, respectively; while K00, K45, and K90 represent full knee extension, 45° knee flexion, and 90° knee flexion, respectively. Figure S4: muscle thickness of the medial gastrocnemius (MG), lateral gastrocnemius (LG), and soleus (SOL) muscles in each case. A-10, A00, A15, and A30 represent 10° ankle dorsiflexion, ankle neutral, 15° plantarflexion, and 30° plantarflexion, respectively; while K00, K45, and K90 represent full knee extension, 45° knee flexion, and 90° knee flexion, respectively. Table S1: Lf (mm), Pa (degree) and T (mm).

Conceptualization, K.-B.P. and H.W.K.; data curation, K.-B.P., S.Y.J. and H.W.K.; formal analysis, K.-B.P., S.Y.J. and H.P.; funding acquisition, H.W.K.; investigation, K.-B.P. and S.Y.J.; methodology, K.-B.P. and S.Y.J.; project administration, K.-B.P.; resources, S.W.A.-B. and H.W.K.; software, K.-B.P. and J.-K.S.; supervision, H.W.K.; validation, S.Y.J. and H.P.; visualization, H.W.K.; writing---original draft, K.-B.P.; writing---review & editing, I.R. and H.W.K.

This research was funded by Yonsei University College of Medicine, grant number 6-2010-0195 and the APC was funded by Yonsei University College of Medicine.

The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

![Ultrasonographic images of a lateral gastrocnemius (LG) of a paretic leg. A00, A15, and A30 represent ankle neutral, 15° of plantarflexion, and 30° of plantarflexion, respectively; while K00, K45, and K90 represent full knee extension, 45° of knee flexion, and 90° of knee flexion, respectively.](jcm-08-02096-g001){#jcm-08-02096-f001}

![Schematic and real ultrasound images of the muscle architecture: fascicle length (Lf); pennation angle (Pa); and muscle thickness (T). On the right image: white solid lines indicate aponeuroses of the lateral gastrocnemius and white dashed lines indicate aponeuroses of the posterior soleus; and black dashed lines indicate fascicle length.](jcm-08-02096-g002){#jcm-08-02096-f002}

![Fascicle length of the medial gastrocnemius (MG), lateral gastrocnemius (LG), and soleus (SOL) muscles at various configurations of the ankle and knee joint angles. The arrow indicates a significant increase in fascicle length. The symbols (=, \>, \<) indicate significant differences in fascicle length among the groups. A-10, A00, A15, and A30 represent 10° ankle dorsiflexion, ankle neutral, 15° plantarflexion, and 30° plantarflexion, respectively; while K00, K45, and K90 represent full knee extension, 45° knee flexion, and 90° knee flexion, respectively.](jcm-08-02096-g003){#jcm-08-02096-f003}

![Pennation angles of the medial gastrocnemius (MG), lateral gastrocnemius (LG), and soleus (SOL) muscles at various configurations of the ankle and knee joint angles. The arrow indicates a significant increase in pennation angle. The symbols (=, \>, \<) indicate significant differences in pennation angle among the groups. A-10, A00, A15, and A30 represent 10° ankle dorsiflexion, ankle neutral, 15° plantarflexion, and 30° plantarflexion, respectively; while K00, K45, and K90 represent full knee extension, 45° knee flexion, and 90° knee flexion, respectively.](jcm-08-02096-g004){#jcm-08-02096-f004}

![Muscle thickness of the medial gastrocnemius (MG), lateral gastrocnemius (LG), and soleus (SOL) muscles at various configurations of the ankle and knee joint angles. The arrow indicates a significant increase in muscle thickness. The symbols (=, \>, \<) indicate significant differences in muscle thickness among the groups. A-10, A00, A15, and A30 represent 10° ankle dorsiflexion, ankle neutral, 15° plantarflexion, and 30° plantarflexion, respectively; while K00, K45, and K90 represent full knee extension, 45° knee flexion, and 90° knee flexion, respectively.](jcm-08-02096-g005){#jcm-08-02096-f005}

![Sonographic images of the lateral gastrocnemius. Pennation angle and muscle thickness in paretic legs (16° and 8 mm, respectively) were found to be decreased, compared to those in normal legs of typically developing children (22° and 12 mm, respectively) at the same joint angle.](jcm-08-02096-g006){#jcm-08-02096-f006}

jcm-08-02096-t001_Table 1

###### 

Details of the patients.

                    ID   Sex   Age (Month)   Height (cm)   Weight (kg)   Femoral Anteversion (°)   Tibial Torsion (°)        
  ----------------- ---- ----- ------------- ------------- ------------- ------------------------- -------------------- ---- ----
  SHCP              1    M     87            135           40            18                        10                   22   18
  2                 M    60    110           19            10            16                        5                    14   
  3                 M    60    105           18            23            22                        29                   19   
  4                 M    66    112           14            16            28                        15                   14   
  5                 M    60    118           23            14            22                        16                   23   
  6                 F    20    105           14            6             16                        22                   16   
  7                 F    109   163           55            12            24                        20                   22   
  8                 F    121   155           49            17            10                        14                   18   
  9                 F    71    112           18            20            11                        17                   26   
  10                M    70    104           15            5             11                        13                   11   
  Normal children   11   M     83            124           23            8                         9                    17   20
  12                M    62    114           21            20            22                        21                   20   
  13                M    85    131           26            18            20                        20                   23   
  14                M    85    125           34            10            12                        15                   18   
  15                M    84    126           26            13            11                        16                   18   
  16                F    96    116           20            19            22                        19                   22   
  17                F    88    135           34            17            16                        21                   24   
  18                F    73    112           20            20            19                        17                   20   
  19                F    76    128           22            16            14                        23                   22   
  20                M    92    116           21            8             8                         15                   17   

ID 1--10, SHCP (spastic hemiplegic cerebral palsy); ID 11--20, normal children; M, male; F, female; Rt, right; L, left.
